Abstract-The ChgH-GFP strain of the teleost medaka contains a regulatory region of the estrogen-responsive choriogenin H (chgH) gene fused to the green fluorescent protein (GFP) gene. The strain was developed for the identification of environmental estrogens by noninvasive analysis of GFP fluorescence. In the present study, a quantification method for GFP by image analysis was established and applied to the analysis of time-and concentration-dependent GFP fluorescence in juvenile fish. Concentrationresponse analyses were performed with fish exposed for 14 d to 17␤-estradiol (0.37-367 pM), genistein (0.37-367 nM), or pnonylphenol (0.367-1,835 nM). By means of image analysis, it was shown that ChgH-GFP was induced at 183.5 pM or greater 17␤-estradiol. Time-course and recovery experiments indicated a strong accumulation of GFP in the liver. Results of reverse transcriptase-polymerase chain reaction analysis of choriogenin H and vitellogenin demonstrated induction of gene expression for the same range of concentrations as that for GFP analysis. Neither expression of these genes nor GFP fluorescence was induced by genistein and p-nonylphenol. Although the ChgH-GFP strain failed to detect these weakly estrogenic compounds, the simplicity of the GFP quantification during early life stages of fish offers promising possibilities for further developments of transgenic strains using different target regulatory sequences.
INTRODUCTION
Effects of chemical exposure on the organism level presuppose molecular interaction of the chemical with membrane integrity, nucleic acids, and proteins, including interference with cellular signal transduction pathways [1, 2] . These molecular interactions can lead directly to the alteration of gene expression, such as in the case of binding of the xenobiotic compound to a transcription factor [3, 4] . Patterns of gene expression also can be altered following a complex interaction with signaling pathways, induction of apoptosis, or stress response and other adaptive processes [1] . All these phenomena can indicate sublethal toxic effects that impact on individuals. Furthermore, molecular endpoints for the exposure of organisms to environmental chemicals can point toward alterations that are relevant to the development and viability of populations [5] . Endocrine-disrupting chemicals, particularly those mimicking estrogenic effects, are a prominent example for the direct interaction of xenobiotics with gene expression by binding to an intracellular receptor (i.e., the estrogen receptor) [6] . In teleost fish, the expression of female-specific target genes, such as the yolk-precursor vitellogenin (VTG) and the eggshell protein choriogenin H or L (precursors of zona radiata proteins; the letters H and L refer to high and low molecular wt, respectively), are induced by estrogens in the male liver. Ex-pression analyses of both genes have been used in many studies of endocrine-disrupting chemicals [7, 8] .
An alternative way to analyze the expression of estrogenic target genes is by means of transgenic in vivo and in vitro models using reporter genes such as luciferase or green fluorescent protein (GFP). In vivo measurements of reporter gene expression offer advantages over in vitro-transfected cell cultures, because they integrate toxicodynamic and toxicokinetic effects. Teleost fish have been used in particular to develop transgenic strains because of the ease of observation, the availability of highly efficient gene-transfer techniques, and their relevance to aquatic ecotoxicology [9] . Transgenic fish models also allow assessment of the vulnerability of critical life stages, such as developing embryos or juvenile fish, to the environmental chemical exposure [10] .
The development of appropriate transgenic strains for the analysis of endocrine-disrupting chemicals has been initiated by Legler et al. [10] in 2000 for the zebrafish. This transgenic fish model harbors a construct of an estrogen-responsive element and the luciferase gene. Recently, the medaka has gained attention in the development of transgenic fish strains. One important aspect for the analysis of endocrine-disrupting chemicals in the medaka is the availability of various sex markers that allows identification of the genetic sex during development and opens the possibility of analyzing early sexspecific gene expression [11, 12] . Three transgenic medaka strains that are suitable for studying environmental estrogens have been developed. First, the olvas-GFP strain expresses GFP exclusively in germ cells [13] [14] [15] . Germ cells show a significant difference in proliferation during sexual differentiation, which can be detected by measuring the fluorescing area of the gonads [13] . Environmental estrogens can affect sex differentiation and gonad size, which correlates to the number of germ cells and the GFP fluorescence area in the olvas-GFP strain [13] . Second, Ueno et al. [16] have established a transgenic medaka that expresses GFP under the control of the regulatory region of the choriogenin L (chgL) gene. High concentrations of 17␤-estradiol (36.7 nM) induce GFP fluorescence in the liver of the developing embryo. Neither concentration-dependent analyses nor the ability of other estrogenic compounds to induce GFP in this strain have been reported so far. Third, another estrogen-responsive, transgenic GFP-medaka strain (ChgH-GFP) was developed by Kurauchi et al. [17] for the choriogenin H (chgH) gene. They quantified liver GFP content in hatchlings by fluorescence intensity and showed a concentration-dependent effect on GFP induction by different estrogenic compounds and a sewage treatment effluent.
To our knowledge, all the transgenic medaka studies have used GFP as a reporter gene. In contrast to luciferase, GFP allows the direct, noninvasive, in vivo analysis of gene expression in living animals using a fluorescence microscope. Because juvenile fish have a transparent body, early life stages of fish are particularly useful for the analysis of GFP fluorescence. Furthermore, exposure tests using juvenile fish can be performed on a small scale, minimizing the exposure volumes and the space necessary for the experiment. Thus, the aim of the present study was to establish a simple, nondestructive quantification method by image analysis for the induction of GFP in juvenile fish of the ChgH-GFP strain. Emphasis was placed on the application of the GFP quantification for timecourse and concentration-response analyses of GFP induction in fish exposed to estrogenic compounds. To explore the ability of the test systems to detect weak, nonsteroidal estrogenic compounds, juvenile fish also were exposed to p-nonylphenol and genistein.
MATERIALS AND METHODS

Fish strains
The FLFII and the ChgH-GFP d-rR/c-line strains of the medaka were used in the present study. The FLFII strain was established by crossing of the Nagoya-lf and wild-type strains with the congenic Hd-rR YHNI strain [11] . This strain is characterized by the sex-specific marker SL-1 (a deletion on the Y chromosome) and white and orange chromatophores formed exclusively in male fish (lf and R markers). The ChgH-GFP strain was developed by Kurauchi et al. [17] by microinjection of a plasmid containing a construct of the 2-kilobase (kb) upstream region of the translation initiation site of the chgH gene fused to the GFP gene.
Fish culture
Adult fish were kept in breeding pairs in 20-L tanks at 26ЊC and a 14:10-h light:dark photoperiod. The pH of the water was 6.5 to 7.5. The water was recirculated and filtered in a central unit with a biofilter. Water was exchanged constantly by adding charcoal-filtered tap water at a low rate but in excess of evaporation losses. Fish were fed daily ad libitum, once with brine shrimps (Artemia sp.) and once with commercial flake food (Otohime B1; Marubeni Nisshin Feed, Tokyo, Japan). Fish in exposure experiments were fed twice daily with Tetra Delica Brine shrimps (powdered and sieved through a 150-m mesh, ϳ0.2 mg/d; Tetra, Melle, Germany). The amount of food was chosen to avoid an excess of uneaten food. For the semistatic exposure tanks, water was filtered only by charcoal at the beginning of each water-renewal period (see Exposure).
Production of embryos
Eggs were collected from the ventral side of the female between 2 and 3 h after the onset of the light cycle. All eggs were separated and cleaned by rolling them between two filter papers. No more than 30 eggs were placed in a Petri dish (diameter, 5 cm) in charcoal-filtered tap water containing 5 mg/L of methylene blue (methylene blue was added for fungus control and to facilitate identification of dead embryos). Unfertilized eggs were removed, and embryos were incubated at 30ЊC until hatching. To avoid fungal infections, Petri dishes were checked daily, and dead embryos were removed. Analysis of body length and yolk-sac diameter indicated that the fish that were fertilized on different days but hatched on the same day were at the same stage of development. Therefore, exposure experiments were performed with fish that hatched on the same day. With respect to the day of fertilization, the age of these fish varied between 5-and 7-d postfertilization (dpf).
The ChgH-GFP d-rR strain is heterozygous for the transgene. To ensure that all transgenic offspring were heterozygous, breeding pairs for the production of embryos consisted of one transgenic and one nontransgenic fish of the FLFII strain. Heterozygous transgenic offspring were identified by a weak background fluorescence in the 5-dpf embryos. In total, four breeding pairs were used for the production of embryos.
Exposure
Chemicals were added to the exposure tanks from stock solutions in dimethyl sulfoxide. The final concentration of dimethyl sulfoxide in exposure tanks (including the solvent controls) was 0.005% (v/v). Chemicals were obtained from either Wako Pure Chemicals (p-nonylphenol [purity, 97%]; Osaka, Japan) or Sigma (genistein [purity, 98%] and 17␤-estradiol [purity, 98%]; Tokyo, Japan) and were applied at the final concentrations indicated in Table 1 .
Thirteen fish per concentration and chemical were exposed from hatching for as long as 16 d (for time-course experiments, 20 fish were used). Freshly hatched fish were transferred to glass tanks (11 ϫ 24 ϫ 14 cm, whole glass; Osawa Kagaku, Nagoya, Japan) containing 1.2 L of charcoal-filtered water and the test chemicals. Eighty-three percent of the water was exchanged every second day, and the appropriate amount of the test chemicals was newly added. To clean tanks and prevent bacterial and algal growth, fish were transferred after 6 d to a new tank with a wide-mouth pipette. Toxicity of the test chemicals was estimated by comparing the survival rate and the length of the fish, with the latter being taken as an indicator of growth reduction.
Analysis of genistein concentrations in exposure water
Genistein concentration in exposure water at the beginning and the end of a 2-d water-renewal period was determined with an enzyme-linked immunosorbent assay (ELISA) using a polyclonal antiserum against genistein and enzyme-labeled genistein (Genistein ELISAЈEIKENЈ; Eiken, Tochigi, Japan). The ELISA was performed according to the manufacturer's instructions. The final image files were used to calculate the mean gray value of the liver area, which was marked manually. The black line indicates the area for which the mean gray value was calculated (ϫ100 magnification).
Analysis of GFP fluorescence
To quantify the level of GFP induction, fluorescence intensity was measured by image analysis. The highly transparent body of the juvenile fish enabled observation of liver fluorescence until 14-d posthatching (dph) (Fig. 1) . At later time points, the density of pigment cells on the body surface increased and prevented the analysis of GFP fluorescence in internal organs.
The fluorescence of GFP was observed with a fluorescence microscope (Leica MZ FLIII; Leica Microsystems, Tokyo, Japan). A 510-nm emission filter and an excitation wavelength of 480 nm were used for the analysis of GFP fluorescence. For analysis of fluorescence, fish were placed in a Petri dish, and water was removed except for a few microliters. Because of the surface tension of the water droplet, the fish were held in a position that allowed observation of livers in approximately the same orientation for each individual (Fig. 1a) .
All pictures of GFP fluorescence were obtained at maximum magnification (ϫ100) with a digital camera (C4742-95; Hamamatsu Photonics KK, Hamamatsu City, Japan) using the IPLab software (Scanalytics, Fairfax, VA, USA). Pictures were recorded without gain or normalization and with an exposure time from 0.559 to 55.47 ms. To reduce background, blue and red channels were removed from the picture with the IrfanView software (http://www.irfanview.com). Furthermore, the pictures were converted to gray scale and inverted using the same software. The GFP fluorescence was measured as the mean gray value of the liver area-which was marked manuallyby means of the ScionImage software (Scion, Frederick, MA, USA; http://www.scioncorp.com) (Fig. 1b) .
To avoid saturation of images and allow recording of weakly fluorescing pictures, exposure time of the pictures was adjusted. Therefore, it was necessary to analyze the GFP-fluorescence intensity so that it was independent of the photo exposure time. A calibration experiment using two slides with different intensities of a green-fluorescing text marker indicated that the fluorescence for a given object reaches saturation beyond a certain exposure time (Fig. 2) . Within a range of 10 to 200 of the mean gray value of the liver, however, the relationship is linear. The slope of the curve in this linear range depends on the intensity of the analyzed object and, therefore, can be used as a measure for the fluorescence intensity. The sFL shows a linear correlation to the fluorescence (FL) at a given exposure time (t) as calculated by the coefficients a and b. An image that is taken at two different exposure times, thus resulting in different FLs, yields the same sFL because of the change of the coefficients a and b. Furthermore, the GFP-fluorescence sFL was corrected for differences in the size of the liver. The size of the liver could influence the mean gray value in two different, opposite ways: First, variances in the orientation of the fish during recording of the photos could result in a variance in the projection of the three-dimensional liver area into a two-dimensional picture. If the projected area is smaller, this should result in an increased fluorescence intensity. Second, fish with a greater liver size may represent an advanced stage of development, resulting in increased mean gray values. To test both hypotheses, we compared liver area and GFP fluorescence. To allow a comprehensive analysis of fish exposed to different concentrations of 17␤-estradiol, we used standardized data; that is, liver areas and fluorescence intensities (sFL) of individual fish were divided by the respective mean of the exposure concentration and developmental stage (Fig. 3) . We showed that GFP fluorescence correlated positively to the liver area, supporting the second hypothesis. Therefore, GFP fluorescence was corrected for (sFL corr ) liver size based on a linear regression with the following equation:
where sFL meas is the measured fluorescence and sFL calc is the fluorescence calculated from the linear-regression curve for the corresponding liver size. The sFL mean liver size is the fluorescence for the average liver size for a given stage of development and exposure concentrations.
Reverse transcriptase-polymerase chain reaction
Juvenile fish (age, 14 dph) from exposure experiments were stored in groups of three to five in 250 l of RNA later (Ambion/Funakoshi, Tokyo, Japan) for 24 h at 4ЊC and at Ϫ20ЊC until RNA isolation. For isolation of total RNA, RNA later was removed, and RNA was extracted from pools of whole fish by TRIZOL (Invitrogen, Karlsruhe, Germany) according to the manufacturer's instructions.
Complementary DNA was synthesized from DNase (Roche Diagnostics, Mannheim, Germany)-treated RNA using Oligo dT Primer and Revert-Aid Moloney murine leukemia virus reverse transcriptase (RT; Fermentas, Leon-Roth, Germany). Polymerase chain reaction (PCR) was performed at a 55ЊC annealing temperature for 30 (␤-actin) or 35 cycles (chgH and vtg) using Taq-DNA-polymerase (Pequlab, Erlangen, Germany) with 1 l of cDNA per 25 l of reaction volume. ␤-Actin transcripts were amplified using the primers 5Ј-AGG GAG AAG ATG ACC CAG ATC-3Ј and 5Ј-CGC AGG ACG CCA TAC CAA-3Ј. The chgH transcripts were amplified using 5Ј-GAT AGT CCT CTT TCC ATT GCT GA-3Ј as forward and 5Ј-AAC CCT TCT TTC ATC CGT TCT AA-3Ј as reverse primer. The vtg transcripts were amplified using 5Ј-TAT GCC TTC TCA CAG ATT CTG GCT C-3Ј as forward and 5Ј-TCT CCT CTG ACT TAA CAG CAT TGG C-3Ј as reverse primer. Primers for all genes were cDNA-specific; that is, because of introns in the sequences flanked by primers, amplification of genomic DNA resulted in no (␤-actin) or larger (chgH and vtg) fragments. Amplified cDNA fragments were visualized by agarose gel electrophoresis. Primers were designed using the Primer3 software (http://frodo.wi.mit.edu/cgi-bin/primer3/ primer3www.cgi) based on published sequence data (GenBank accession no. D89627 for cytoplasmic ␤-actin and D89609 for chgH; see Scholz [18] for vtg).
Statistics
All data in diagrams are given as the mean Ϯ standard deviation. Statistically significant differences were calculated with the InStat software (GraphPad, San Diego, CA, USA; http://www.graphpad.com) using nonparametric Kruskal-Wallis analysis of variance and Dunn's multiple-comparison test (p Ͻ 0.05).
RESULTS
Chemical concentrations and toxicity of chemicals
Chemical concentrations in the tank water were measured for one concentration of genistein. The concentration in freshly prepared exposure water (39.2 nM) closely matched the nominal concentration of 36.7 nM. After 6 d of exposure, 68% of the initial aqueous concentration could be recovered. The 17␤-estradiol and p-nonylphenol concentrations were not measured, but data were available from other published semistatic exposure experiments; for example, concentrations of 17␤-estradiol and p-nonylphenol have been shown to be 61 to 83% and 82 to 91%, respectively, in semistatic exposure experiments with adult zebrafish (80% daily renewal of test water) [19] . These data regarding genistein, p-nonylphnol, and 17␤-estradiol indicate that in our semistatic exposure setup (83% renewal every 2 d, and complete renewal of test water every 6 d), the major portion of the chemical can be expected to be available until a complete water exchange is performed. Because it is difficult to monitor concentrations of the exposure chemicals in semistatic exposure for the entire experimental period, all data were given as nominal concentrations.
Toxic effects of the test chemicals were identified by analysis of the survival rate and measurement of the length of the fish at the end of the exposure. Among the three chemicals, only p-nonylphenol had an effect on the survival rate at 367 and 1,835 nM (see Table 1 ) compared to controls. Growth of Fig. 4 . Green fluorescent protein (GFP) fluorescence intensity in juvenile ChgH-GFP transgenic medaka exposed to 17␤-estradiol (all concentrations nominal). A total of 13 fish were exposed per treatment. Fluorescence intensity of GFP was quantified as illustrated in Figure 1 . Asterisks indicate statistically significant differences from the solvent controls. Numbers indicate statistically significant differences to the appropriate day of measurement or treatment period. (a) Exposure to different concentrations from hatching to 14 d posthatching (dph). (b) Time course of GFP fluorescence intensity in juvenile fish exposed to 367 pM 17␤-estradiol from hatching to 14 dph. In contrast to all other experiments, an increased mortality caused by repeated handling of the fish for fluorescence analysis was observed. Therefore, a higher sample number (20 fish) was used. The sample number decreased to 14 fish at 14 dph. (c) GFP-fluorescence intensity in juvenile fish (age, 12 dph) exposed to 183.5 pM 17␤-estradiol. Exposure started at 4, 6, 8, or 10 dph and was continued to 12 dph. (d) Time course of GFP fluorescence intensity after cessation of exposure. Juvenile fish were exposed from hatching to 8 dph to 367 pM 17␤-estradiol. At 8 dph, fish were transferred to a new tank, and incubation was continued without 17␤-estradiol until 15 dph. Controls were fish of 15 dph that had not been exposed to 17␤-estradiol. the fish (measured by recording the length at day 14) was not reduced in any of the experiments (only tested for the highest concentration of each chemical).
Induction of GFP by 17␤-estradiol
To identify the range of concentrations at which 17␤-estradiol was able to induce ChgH-GFP in transgenic medaka, a two-to fivefold dilution series was used. No GFP induction by 17␤-estradiol could be observed at 36.7 pM (10 ng/L) or lower. The lowest 17␤-estradiol concentration that was shown to induce GFP expression was 183.5 pM (50 ng/L).
A statistically significant and strong increase of fluorescence could be observed in 12-and 14-dph fish exposed to 183.5 and 367 pM 17␤-estradiol (Fig. 4a) . To analyze the accumulation of GFP in the liver, three types of time-course experiments were performed (Fig. 4) : The GFP induction by 17␤-estradiol was monitored at different stages from 4 to 14 dph, the GFP fluorescence was analyzed in 12-dph fish when exposure to 17␤-estradiol was started at defined time points from 4 to 10 dph, and the fish were exposed from hatching to 8 dph and the fluorescence recorded after the cessation of exposure until 15 dph.
In the first experiment, fluorescence was already observed at 4 dph. However, many fish had a very low fluorescence (close to background values); thus, no significant difference by quantification of GFP fluorescence was observed before 8 dph (Fig. 4b) . At 14-dph fluorescence was increased more than 12-fold compared to that at 4 dph. This increase of GFP fluorescence during the time-course experiment could be caused either by the accumulation of GFP in the liver and/or by an enhanced sensitivity of the 17␤-estradiol-mediated GFP induction in later stages. Therefore, in a second set of experiments, the exposure was started at different defined time points, but fluorescence was measured at 12 dph. To exclude any interference by a possible saturation of the GFP fluorescence, a lower concentration of 17␤-estradiol (183.5 pM) was chosen. A strong increase in fluorescence was detected at longer incubation times (Fig. 4c) . Measurements of GFP fluorescence after cessation of exposure with 17␤-estradiol indicated a high stability of the GFP protein: At 12 dph (4 d after cessation of exposure), the fluorescence was still significantly different from background and was 48% of the intensity in 8-dph fish (Fig. 4d) .
In all experiments, a high standard deviation was observed (e.g., 73 and 61% for 183.5 and 367 pM 17␤-estradiol, respectively, at 14 dph). Furthermore, mean GFP fluorescence induced by 367 pM 17␤-estradiol differed by a factor of two to three between different experiments (for comparison, see identical exposure periods in Figs. 4a and b) . Because the juvenile fish used for the exposure experiments were derived from a mixture of embryos collected from four different breeding pairs, a difference in the GFP expression of the different parental fish could be responsible for the high variation. Therefore, offspring of different breeding pairs were collected and exposed to 367 pM 17␤-estradiol. No statistically significant difference could be observed between the offspring of individual breeding pairs (data not shown).
GFP intensity in fish exposed to nonsteroidal weak estrogens
Two weakly estrogenic chemicals, p-nonylphenol and genistein, were selected to test whether nonsteroidogenic chemicals were able to induce GFP fluorescence in the ChgH-GFP transgenic medaka. A broad range of concentrations was tested, including nontoxic concentrations, highly toxic concentrations, and/or concentrations close to nonsoluble conditions (Table 1) . Nevertheless, none of the tested concentrations of p-nonylphenol or genistein was able to induce GFP fluorescence.
Induction of chgH and vtg gene expression
In fish exposed to 17␤-estradiol, native chgH and vtg gene expression could be detected by RT-PCR at the same concentrations that were able to induce GFP fluorescence. In agreement with the GFP analysis, at 17␤-estradiol concentrations less than 183.5 pM, no induction of chgH or vtg was observed. For fish exposed to 183.5 pM 17␤-estradiol, band intensities of amplified chgH fragments were only slightly weaker if compared to 367 pM (Fig. 5a ). Band intensities of amplified vtg cDNA showed a stronger difference between 183.5 and 367 pM 17␤-estradiol.
Genistein failed to induce gene expression of chgH and vtg at any of the concentrations tested. In the case of p-nonylphenol at 367 nM, a weak induction of chgH expression was observed. Because of the high mortality at this concentration (Table 1) , only one sample of RNA pooled from five juvenile fish was available for RT-PCR analysis (Fig. 5b) .
DISCUSSION
We have developed a noninvasive quantification method for the analysis of reporter gene fluorescence in juvenile fish of the medaka ChgH-GFP strain. This strain was developed by Kurauchi et al. [17] by introducing a construct of the 2-kb promoter region of the estrogen-sensitive chgH gene and the GFP gene into the genome of the medaka. In contrast to the study of Kurauchi et al. [17] , we used later stages of development (Ͼ1 dph) to increase the sensitivity of the analysis. Furthermore, time-course experiments with repeated measurements and a comparison of offspring from different breeding pairs was performed. The GFP fluorescence was determined by a different technique based on the analysis of mean gray values of the liver area in gray scale-converted pictures by image-analysis software.
It was shown that GFP fluorescence was induced at 183.5 pM 17␤-estradiol or greater in juvenile fish. Time-course experiments indicated a strong accumulation of GFP in the liver. This strong accumulation probably was caused by the high stability of the GFP protein: Four days after cessation of the exposure with 17␤-estradiol, the intensity of GFP fluorescence remained at 48%. In contrast to 17␤-estradiol, p-nonylphenol and genistein were not able to induce GFP fluorescence in the ChgH-GFP transgenic medaka at any concentration. The RT-PCR analysis revealed a slight induction of chgH expression for the second-highest concentration of p-nonylphenol (the highest concentration caused 100% mortality). Because this concentration caused a mortality rate of 62% at 14 dph, the lack of GFP expression in these fish might be caused by a toxic interference with GFP or general protein synthesis. Kurauchi et al. [17] have determined a lowest-observed-effect concentration of 4,500 nM for GFP induction by p-nonylphenol in the same transgenic strain. However, that study used a short-term exposure of 24 h in hatchlings. In the 14-d exposure of the present study, concentrations of 367 nM and greater already had strong effects on the survival rate. Despite the fact that the binding affinity of genistein and p-nonylphenol to the (Table 2) . Thus, the stage of juvenile development likely is responsible for the partial failure to induce the expression of estrogen-responsive genes in medaka. The significance of stage and exposure time also is supported by the study of Kurauchi et al. [17] . In that short-term assay using hatchlings of the ChgH-GFP strain exposed for 24 h, the lowest-observed-effect concentration of GFP induction for 17␤-estradiol was 3.4-fold higher (632 pM) than that in the present study. Because of an increase in body pigmentation, GFP expression can be analyzed only until 14 dph. Continuation of the exposure to later stages may result in an increase in sensitivity for the detection of vtg and chgH gene expression and GFP fluorescence. However, for GFP analysis, this would require the construction of a pigment-free strain, such as the ''see-through'' medaka [15] .
A prominent variation of the GFP intensity was observed between individual fish in all experiments. Differences in band intensities of amplified fragments of chgH and vtg cDNA confirmed the variations observed in GFP analysis. This indicates that the observed differences probably result from an individual variation in gene induction by estrogens. The individual difference could be a result of the different parent founder fish used for the present study. Juvenile fish were derived from eggs of four different breeding pairs. If variations were caused by differences in the offspring of those breeding pairs, the level of induction of GFP fluorescence should be different between these pairs. However, such a difference could not be observed. Carlson and Williams [24] have reported that female juvenile fish of the rainbow trout (age, 12 months) showed a threefold higher response in 17␤-estradiol-induced VTG induction than males. Previous analyses of Kurauchi at al. [17] did not indicate a difference of GFP induction in hatchlings of different sex. To exclude gender-based variation during later stages, strains should be constructed that allow a simple identification of the genetic sex by color markers (e.g., the lf-maker [11] ).
For endocrine-disrupting chemicals, a transgenic model was first developed by Legler et al. [10, 25] for the zebrafish. In contrast to the present study, the luciferase gene fused to an estrogen-responsive element was used as a reporter gene. Luciferase induction was measured by quantification of luminescence in lysates of individual fish. The detection limit for luciferase induction was approximately 300 pM 17␤-estradiol in 35-dpf fish exposed for 96 h. Luciferase could not be induced by exposure to p-nonylphenol. Similar to the present study, a high degree of variation was observed between individual fish. Compared to the transgenic zebrafish, the sensitivity of the ChgH-GFP medaka is only slightly higher. In contrast to the zebrafish model, no sample preparation is required, and estrogenic effects can be detected by observation of fish with a fluorescence microscope. Because GFP fluorescence can be observed in living animals, a repeated analysis of specimens can be used to study the time courses of gene expression. Furthermore, the transparent body of the juvenile medaka allows localization of the GFP protein.
Although the ChgH-GFP medaka strain failed to detect weakly estrogenic chemicals in the present study, it appears to be a promising tool that offers various possibilities for application and further development of transgenic fish lines: First, the ease of the noninvasive quantification of GFP in juvenile fish could be used for the construction of other GFPreporter strains (e.g., for estrogen-responsive genes that may exhibit a higher sensitivity, for genes responding to chemicals with other modes of action, and/or for genes involved in a general stress response). In contrast to zebrafish models, these strains would be useful to sex-specifically analyze the GFP expression in early life stages. Second, the construction of a pigment-free (or partially pigment-free) ChgH-GFP medaka also may allow noninvasive quantification of GFP expression in later stages of development. Third, modifications of GFP constructs, such as the repetition of certain promoter elements of the target regulatory sequence, may improve the sensitivity of transgenic strains. Likewise, development of techniques allowing the direct quantification of fluorescence intensity may reduce variation and enhance sensitivity. Following further success in the identification of gene markers for chemical stress, it can be anticipated that transgenic fish lines will gain increasing use for the identification of and screening for hazardous chemicals.
